Abstract-A combination of experimental and numerical analyses is conducted to investigate the coupled effect of side gap (G s ) and tip gap (δ) on the performance of a piezoelectric fan in microelectronic cooling. Two parallel adjustable walls are set at the fan sides to facilitate the variation of G s . The piezoelectric fan is oriented vertically to the heat source (chip). A 3-D simulation using FLUENT 6.3.2 is performed to assess the transient flow and the resulting heat transfer from the chip. The coupled effect of G s and δ on the fan tip deflection is detected by a laser displacement sensor (KEYENCE LK-G152). Both G s and δ had noticeable effects on the flow behavior and Re. The effect of δ is more significant on the heat-transfer coefficient than that of G s . The flow profiles and the temperature contours are found to be consistent with each other, and the predictions are in good agreement with the experimental results. The piezoelectric fan enhances the heat-transfer coefficient 1.95 to 2.7 times, corresponding to the best and worst cases, respectively.
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I. INTRODUCTION
V ARIOUS types of portable electronic devices, such as mini-laptops, tablets, and cellular phones, are rapidly emerging in lighter, slimmer, and more compact forms with high functionalities to meet consumer demands. The heat flux from electronic components of these devices has increased, and this trend is expected to continue in future generations. The thermal management for such devices is confined to passive cooling because of the limited space restrictions, power consumption, weight, and so on. The piezoelectric fan is an airflow generator that induces the flow with a vibrating flexible blade. It has recently been proposed as an alternative device for microelectronic cooling. It consists of a flexible blade bonded with piezoelectric material near its base end. An input signal applied to the piezoelectric material causes an oscillatory motion at the free end of the blade. This signal can induce the surrounding flow with low power consumption. Furthermore, it is adaptable in small spaces.
Many studies have been conducted on the cooling capabilities and flow schemes of piezoelectric fans. Toda [1] , [2] proposed the essential models for vibration and airflow by performing experimental and analytical analyses. A study on the local and average heat-transfer coefficients on a vertical surface because of convection from a piezoelectric fan was performed by Schmidt [3] . Açıkalın et al. [4] examined the feasibility of placing fans in an actual laptop and cell 2156-3950 © 2013 IEEE phone enclosure. They determined a significant increase in heat transfer in both cases. Ihara and Watanabe [5] investigated 2-D flows around the free ends of a flexible single blade and two blades, both oscillating with a large amplitude. Ro and Loh [6] studied the feasibility of using ultrasonic flexural waves as a cooling mechanism. Analytical, computational, and experimental investigations on incompressible 2-D streaming flows induced by resonating thin beams were conducted by Açıkalın et al. [7] . Closed-form analytical streaming solutions were presented for an infinite beam. These solutions were also used to construct a computational scheme to predict the streaming flows from a baffled piezoelectric fan. The predicted asymmetric streaming flows were in good agreement with the experimental flow profiles. Kimber et al. [8] - [10] experimentally investigated single and arrayed piezoelectric fans vibrating near an electrically heated stainless steel foil. The temperature field was measured using an infrared camera. 2-D contours of the local heat-transfer coefficient were presented for different vibration amplitudes and gaps. Moreover, correlations were developed with appropriate Reynolds and Nusselt number definitions that describe the area of average thermal performance of the piezoelectric fan with an error of less than 12%. An experimental analysis design for the effects of fan amplitude, tip gap, fan length at resonance frequency, and fan offset from the center of the heat source was reported by Açıkalın et al. [11] . The heat-transfer coefficient could be enhanced by as high as 375% with appropriate specifications of the design parameters. A simulation of 2-D computational fluid dynamics and an experimental analysis were performed by Abdullah et al. [12] to determine the effect of fan height on the performance of a single piezoelectric fan in horizontally oriented microelectronic cooling. A 2-D finite element method was reported by Florio and Harnoy to enhance the natural convection cooling of a discrete heat source in a vertical channel by using a piezoelectric fan [13] . An enhancement of up to 52% in the local heat-transfer coefficient was observed relative to that achieved by natural convection. Six piezoelectric fans with various blade geometries were constructed and tested on a flat heated surface by Liu et al. [14] . They experimentally investigated the influence of geometric parameters, including the horizontal/vertical arrangement and the location of the piezoelectric fan. They found that the heattransfer augmentation of the piezoelectric fan came from the entrained airflow during each oscillation cycle and the jet-like air stream at the fan tip. The heat-transfer performance of the vertical arrangement exhibited a symmetrical distribution and peaked at the center region, whereas the horizontal arrangement possessed an asymmetrical distribution and demonstrated an early peak. The heat-transfer performance of the horizontal arrangement was not necessarily lower than that of the vertical arrangement. Kimber et al. [15] experimentally determined the relationship between the pressure and the flow rate generated by miniature piezoelectric fans. They considered the proximity of the surrounding walls using three different enclosures. The aerodynamic interactions between two vibrating fans were explored by Kimber et al. [16] . They found that damping is significantly influenced by the proximity of neighboring piezoelectric fans and by the vibration phase difference.
Petroski et al. [17] discussed the effect of nozzles on the flow shaping with an unusual heat sink obtained through experimental and computational studies using a laser Doppler anemometry, and 3-D flow fields of the proposed cooling scheme with a piezoelectric fan were also presented. A comparative investigation between 2-D numerical flow simulations and experimental data on particle image velocimetry was conducted by Choi et al. [18] , [19] . They observed the vortex formation and unsteady flow fields around single-and dualvibrating fans in the free streams. Recently, an analysis of the 3-D heat and fluid flow induced by a single piezoelectric fan was reported by Lin [20] . Most of the experimental work in the literature focused on the variation of the separation distance between the fan tip and the bare-heated surfaces without considering the existing boundaries in real application, such as side walls. Abdullah et al. [21] reported an orientation of multipiezoelectric fan (set in an edge-to-edge arrangement) to enhance the heat transfer of finned heat sink in microelectronic cooling with a 3-D numerical simulation. Their results indicate that an enhancement in convective heat-transfer coefficient exceeding 88% compared with natural convection can be achieved.
Only a few studies [20] , [21] have reported on the 3-D simulation of the thermal and flow field induced by the piezoelectric fan. Providing the side walls for the vibrating piezoelectric fan is expected in practical applications, and the effects of the geometric parameters on the fan performance should be considered. However, the coupled effect of the side gap (Gs) and tip gap (δ) of the piezoelectric fan on the thermal performance is currently under investigation. The optimization of these two parameters with the objective of maximizing the heat-transfer rates is vital. Against this background, this work aims to determine the effect of Gs and δ on the cooling performance of a single piezoelectric fan, which is vertically oriented between two adjustable walls. The heat source is an aluminum foil heated from the bottom using a stainless steel electrical heater attached beneath the foil. 3-D simulation using FLUENT 6.3.2 was performed with a user-defined function (UDF) to describe the motion of a vibrating fan. The transient flow and temperature were analyzed according to higher and lower rates of heat-transfer measurement.
II. EXPERIMENTAL SETUP AND PROCEDURE
A commercial piezoelectric fan consisting of a bimorphlead zirconate titanate patch bonded to a thin stainless steel blade was used in this investigation for cooling because of its high elongation properties at a relatively low power input (see Table I for the specifications).
The spacing effects on the piezoelectric fan were tested experimentally. The spacing between the neighboring walls and the fan side edges is defined as the side gap (G s ), and δ is the ratio of the fan-tip spacing to the height of the side wall. The experimental procedure was performed with the measurements of the piezoelectric fan amplitude obtained by a laser displacement sensor (KEYENCE LK-G152). With the objective of maximizing heat dissipation, thermal analysis was conducted to assess the coupled effect of δ and G s on a heat surface (chip). 
A. Fan Amplitude Testing
A laser displacement sensor (KEYENCE LK-G152) was utilized to detect the fan-tip deflection and measure the amplitude. The measurement point of the focal laser beam to the fan surface was 1 mm from the fan tip. A digital storage (DSO3062A Oscilloscope) connected to an inverter drive circuit was provided to tune the frequencies and supply the input signals for the fan. The inverter circuit was also joined with an input channel provided by a DC dual power supply (GWinstek GPS2303) to deliver the voltages required for the fan operation. The other channel was fed the chip (heat source). The inverter circuit was used to convert DC to AC to drive the piezoelectric fan. The frequency was adjusted by turning the trimmer pot on the printed circuit board. The piezoelectric fan was driven at a resonance frequency (approximately 111 Hz) with an input of 42 mW. As the piezoelectric fan ran, the IMC DAQ system recorded the input displacement with a frequency signal of the sensor and stored it in the computer. The vibration amplitude was measured for the corresponding G s and δ variations. The error of the displacement sensor was −/+0.02%.
B. Thermal Analysis
The electronic package (chip) was simulated using an aluminum foil (size 52 × 15 × 1 mm), which was heated with a uniform heat flux of 2435.89 W/m 2 through a stainless steel electrical heater placed beneath the foil. A heat-sink compound RS of high conductivity was used to glue the heater to the foil. The foil-heater was fixed into the cavity of a wooden platform so that their top surfaces were coplanar. The wooden platform served as an isolator and enabled only the top surface of the heated foil to be exposed to the ambient environment. Therefore; the heat loss through the wooden platform was assumed negligible. Two parallel adjustable side walls of 82 mm in length and 35 mm in height were arranged on the top surface of the platform on both sides of the foil. Figs. 1 and 2 exhibit the schematics of the experimental setup.
The piezoelectric fan was oriented vertically between the side walls over the foil surface and held rigidly by an adjustable stand (ON/OFF magnetic base type of MB-15) for the height variety. This arrangement yielded significant heat dissipation [8] . The heater was powered by the DC output of a digital power supply to obtain a constant input (Q°) of 1.9 W. Three thermocouples (K-type, TTK-36-SLE) were attached to the exposed surface of the foil to calculate the average surface temperature, and three were placed beneath the heater. All these thermocouples were linked to a desktop PC utilizing a data acquisition system (Advantech USB-4718, 8-channel). The temperatures were recorded every 60 s. Transient and steady-state temperatures were recorded in natural and forced (with the piezoelectric fan switched on) convection conditions. The ambient environment was always maintained at 25°C. The assembly of the chip and side walls embedded with the piezoelectric fan was housed in a glass tunnel to reduce the ambient effects. The rate of heat flux (q°) generated by the heat source can be computed according to the following equation:
where Q°and A mc are the power input (6.66 W) and surface area of the heated surface, respectively.The average heattransfer coefficient (h) is defined based on the difference between the average temperature of the heated surface and the ambient temperature
where T s is the average temperature of the heated surface, and T a is the ambient temperature. To assess the importance of the cooling result achieved by the piezoelectric fan, the enhancement ratio (ξ ) [14] that represents the convection during fan operation is divided by that under natural convection where h pf is the average heat-transfer coefficient achieved under force convection (ON-piezoelectric fans), and h n is the average heat-transfer coefficient achieved under natural convection condition (OFF-piezoelectric fans). The Reynolds number (Re) according to the fan tip deflection (ω A) is computed by
III. MODELLING AND NUMERICAL METHODS
The simulation model was used to examine the correlation between the flow field induced by the piezoelectric fan and the heat removal from the chip surface. The 3-D model used in this simulation consists of aluminum foil, simple side walls, and a piezoelectric fan (Fig. 3) . The size of the heat source is similar to that of the heater used in the experiment. The clamp of the piezoelectric fan was neglected. The fan boundary was modeled as a moving adiabatic wall with a location in time, set by a UDF in FLUENT. The fan was modeled as an infinitesimally thin wall with no thermal conduction passing through it. Noslip boundary conditions were applied to the platform and side walls. Other boundaries were treated as pressure boundaries, permitting the airflow inward or outward. A combination of tetrahedral and quad literal elements (approximately half a million) was used for meshing (Fig. 4) .
The fluid domain was divided into two regions, namely, region a and region b (Fig. 5) , and the boundary of these 
A. Mathematical Model
The flow was assumed to be incompressible and turbulent. The governing equations used in FLUENT for describing the transient fluid flow are as follows:
Momentum (nonaccelerating reference frame)
where ρ is the fluid density, P is the pressure in the fluid, τ i j is the viscous stress tensor, and g i is the gravitational acceleration in the i -direction. Energy
where c p is the specific heat of air, T is the temperature, and k is the thermal conductivity. The mode shape of a vibrating fan is treated as a clamped-free beam such as that proposed in [21] . Assuming a sinusoidal driving, position of the beam is as follows: Differentiating this equation with respect to time provides the velocity of the beam.
where β values can be calculated from the frequency equation
This must be solved numerically, yielding infinity solutions of β. The β value corresponding to the first mode shape is
B. Simulation
The first-order upwind discretization scheme was used for both momentum and energy equations with the SIMPLE scheme for pressure-velocity coupling. For the treatment of the turbulent flow in the near-wall region (heat source surface), the y + value was set as 1. The shear stress transport k-ω model was used to describe the flow induced by the piezofan, which has local turbulence. The beam was assumed to vibrate at a frequency of 100 Hz; this round-off (compared with the experimental value of 111 Hz) was done to achieve numerical stability. Time-step size of 0.0001 s was selected for all the cases, with 100 time steps per cycle of fan vibration. This value was determined after three attempts to check the trend and proximity with the profiles investigated; for instance, the trials were conducted by increasing the mesh elements and decreasing the time steps. However, a problem emerged when the mesh elements increased because of the negative volume or less memory detected in FLUENT during analysis. This problem is typically found in a dynamic meshing setup. The total duration of the simulation is selected such that the temperature reaches a steady value during this period. The simulation used 5,000 iterations, corresponding to approximately 3 days of computation time per case on a computer with a Pentium Dual Core processor (2.8 GHz) and 2.0 GB of memory. 
IV. RESULTS AND DISCUSSION
A. Experimental Results
1) Effect of δ and G s on Re:
A reading from the laser displacement sensor (output signal) of the fan amplitude is presented in Fig. 6 . The oscillator (vibrating fan) history exhibits a traveling wave during time with a discrepancy of 0.43% between the output and input signals because the output frequency is 111.35 Hz and the inverter circuit input frequency is 111.84 Hz. The influence of δ and G s on the corresponding Re is computed according to the vibrating fan amplitude [15] . The Re is plotted against the ratio of G s to the fan width D pf for each δ value (Fig. 7) . A gradual increase in Re is observed with the increase in side gap until approximately G s /D pf = 1.2, and then Re remains steady, which indicates that G s has no further influence on Re. The minimum Reynolds number at G s /D pf = 0.2 and δ = 0.0285. As G s decreases, the side walls cause damping on the vibrating piezoelectric fan, thus reducing Re. However, in the smaller tip gap, despite the decrease in Re, we observed a higher heat-transfer rate because of the proximity of the peak velocity zone to the heated surface, as will be elucidated in the next section.
2) Heat-Transfer Coefficient: The transient temperature history under natural and forced convection modes for different positions of thermocouples on the heat source is shown in Fig. 8 . At t = 0, the heater was switched on in natural convection, and the steady state was achieved at t = 3600 s. The piezofan was switched on at t = 3600 s, and the temperatures were recorded until a fresh steady state was reached. The piezoelectric fan caused a drastic reduction in the source temperature because of the enhanced heat removal. The average heat-transfer coefficient obtained under natural convection h n (OFF-piezoelectric fan) is approximately 44 W/m 2 ·K. For the forced convection, the average heat-transfer coefficient h pf (ON-piezoelectric fan) in a representative experiment is presented in Fig. 9 according to the coupled effect of δ and G s . Decreasing the separation distance δ between the blade tip and the heated surface results in an expected enhancement in the heat-transfer coefficient for all cases because the approximated vibrating blade, which enabled a jet velocity of air stream, stroked the heated surface efficiently. Approximated side walls from the vibrating fan yield to the reduction of amplitude, and Coupled effect of tip and side gaps on average heat-transfer coefficient.
thus air stream is reduced under a specific vibrating frequency. The piezoelectric fan amplitude decreases because of the viscous drag of the flow, thus reducing the cooling capacity [11] . The increase in G s /D pf from 0.2 to 1.2 increases h pf and then remains steady. Thus, for the minimum δ of 0.0285, G s is suitable in providing maximum heat removal. However, δ is more significant in h pf compared with G s . Based on the heat-transfer performance, the optimum values of δ and G s /D pf in the present study were obtained as 0.0285 and 1.2, respectively.
The heat-transfer enhancement ratio ξ of the piezoelectric fan was evaluated based on (3) for the lower and higher convection rate cases. The piezoelectric fan enhances the heattransfer performance approximately 1.95-2.7 times for the heated surface. These findings indicate that the geometric parameter for the installation process of the piezoelectric fan significantly affects effective heat removal and is an important factor to be considered in the actual implementation. The uncertainty analysis, as reported in [23] , has been performed to check the accuracy of measurements in the present study. The experimental uncertainties for the above-mentioned parameters are summarized in Table II . It has been obtained after making five trials of measurements, which is based on average temperatures during the steady-state operation. For each parameter, the mean, standard deviation, and standard error are calculated. The results of the error analysis indicate that the measurements are within the acceptable accuracy limits.
B. Numerical Results
Based on the heat-transfer map, which was presented experimentally in the previous section, only two configurations were selected for simulation. These configurations, namely, best case and worst case, correspond to the higher and lower rate of heat transfer, respectively (Fig. 8) .
1) Flow Field:
The correlation between the flow field induced by the piezoelectric fan and heat-transfer behavior needs to be clarified. Therefore, the numerical solution offers a practical approach to obtain an accurate analysis for the complexity of the transient flow field induced by a vibrating fan. Fig. 10(a) and (b) present the velocity vectors and streamlines induced by a vibrating fan on the middle plane of the computational domain for the best and worst cases in the natural position of the fan. As the fan turns periodically to the right and left sides, two vortices are seen to be formed as a counterclockwise vortex on the right and a clockwise vortex on the left. The trajectory of these vortices is alternate as well as according to the direction of the fan. These two counter vortexes formed by the fan are comparable with those obtained by 2-D simulation in [11] . As the tip gap is minimal, the piezoelectric fan vibration causes the jet flow to be highly impinged on the heated surface, forcing the fluid to displace rapidly. Thus, the high-velocity zone is mostly localized in the vicinity of the heated surface, enabling an effective heat removal. The vortex zones in the best case are in direct contact with the heated surface, which facilitates the enhanced heat removal. For the worst case, the tip gap is maximum, whereas the fluid agitation near the hot surface is minimal. The highest velocity zone is situated in the near-tip region, which is relatively far from the heat source and is not effectively exploited for cooling. The vortex zones on both sides of the fan are larger and farther from the heated surface compared with those in the best case; this condition prompts the fluid to lose a significant amount of momentum as it reaches the hot surface, resulting in decreased heat-transfer rates.
2) Thermal Analysis: The temperature contours of the force convection on the middle plane of the computational domain for the best and worst case configurations are presented in Fig. 11(a) and (b) , respectively. For the best case, as the separation distance between the fan and heated surface (δ) is minimal, the vibrating fan can agitate the development of the thermal boundary layer on the heated surface, resulting in high heat dissipation. Therefore, the thermal boundary generated on the heated surface seems to rupture into two symmetrical regions on the left and right sides of the vibrating fan because of the fluid displacement. The center zone, which is directed to the vibration envelope, exhibits a significant drop in temperature gradient; this phenomenon can maximize the heat dissipation over the heated surface. Moreover, increasing the side-gap (G s ) yield increases the vibrating amplitude as well, enabling a larger jet velocity of the flow stream impingement. Thus, the results of heat transfer improve. By contrast, the temperature decreases as the tip gap (δ) increases for the worst case. This result is attributed to the flow velocity reduction on the heated surface, thus resulting in a lower rate of heat transfer relative to that obtained by the best case. This observation is expected to be reasonable according to the velocity profiles, as previously explained. Fig. 12 (a) and (b) exhibit the corresponding temperature contours on the heated surface. For the best case, a droplet cooling zone is observed at the center of the heated foil, and this droplet appears to be symmetric in the direction of the piezoelectric fan vibration. The droplet zones widen laterally because of the induced swirling flow on both sides of the vibrating fan. However, for the other case, the temperature drop is lower than that of the best one because of the large tip gap with a small side gap. The effects of the side gap on the side edge of the foil are obvious, as evidenced by the hotter zones compared with the center. This result indicates that the flow at the side edges of the foil was decelerated because of the small side gap (G s = 1 mm), and the flow was accelerated along the center line. Both profiles agree that this droplet cooling zone is prominent at the center of the foil. This result is attributed to the enhanced cooling of the central foil because of the presence of the piezoelectric fan in both cases. Fig. 13 illustrates the comparison between measured and computed heat-transfer coefficients for the best and worst cases achieved on the heated surface. The general agreement is good. The deviations between numerical simulation and experimental work are estimated to be 15% and 11.3% for the worst and best cases, respectively, which are attributed to the omission of the radiation effect in the numerical model and the slightly different effect of the beam frequency. This presumption was verified by deducting the experimentally determined radiative contribution based on the predicted value. Moreover, the thickness of the thermal compound in the simulation was treated as uniform in all cases; the real thickness was not necessarily so, as the compound was manually applied. Furthermore, the ambient temperature in the experiments was measured with a single thermocouple, and the average fluid temperature inside the domain was used in the simulation.
V. CONCLUSION
The coupled effect of the side gap and tip gap on the cooling performance of a single piezoelectric fan was investigated experimentally and then numerically analyzed. The influence of geometric parameters was enhanced by the objective of maximizing the average of heat-transfer coefficient. A 3-D model using FLUENT 6.3.2 was employed to simulate the best and worst cases to clarify the flow field and the resulting heat transfer. Detailed amplitude measurement and transient flow were conducted to substantiate the heat-transfer study. The estimated results were compared with the experimental findings, and the agreement was good.
The following conclusions were drawn. 1) Tip and side gaps are crucial to the flow induced by the piezoelectric fan and the resulting heat removal from the chip. In general, lower tip gaps and moderate side gaps are recommended. 2) For a given tip gap, a range of the side gaps exist that affect the flow velocity, beyond which the side gap has no influence on the induced flow.
3) The tip gap must be as minimal as possible, and the side gap needs to be carefully selected to maximize the heat-transfer rates. 4) The piezoelectric fan enhances the measured heattransfer coefficient 1.95 times to 2.7 times, corresponding to the best and worst cases, respectively. 
